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I. INTRODUCTION
Metrology is a critical tool for manufacturing as it provides the necessary feedback for process control and postprocess troubleshooting. Without fast and accurate metrology, setting up production procedures and maintaining production tolerances to minimise scrap parts is not possible. Metrology is especially important in the field of additive manufacturing (AM) where, in order to scale up production, multiple machines are used on the same manufacturing floor. Each machine can be considered as being an independent manufacturing process or manufacturing line that needs process feedback in order to achieve tight tolerances on the products being manufactured.
AM has recently been the focus of an ever-increasing number of studies conducted by government agencies, [1] [2] [3] [4] national measurement institutes, 5, 6 and commercial interest groups, 7, 8 and it is being described as one of the new emerging technologies which will transform the manufacturing sector in the future. The 2014 Wohler's market report has forecasted that the AM market will grow from $3.07 × 10 9 in 2013 to over $7 × 10 9 in 2016, and that the current market penetration is only about 8%; indicating that there is still a long period of potential growth for the market ahead. 9 The international interest in AM, and the recognition that it is going to be pivotal to the future of manufacturing, has prompted multiple nations to promote collaboration between their AM industry and academic institutions via the creation of AM-specific technology centres, which will put these nations in a competitive position to take advantage of future AM markets. Examples of such centres can be found in the UK (Manufacturing Technology Centre), USA (America Makes Institute), and Australia (Advanced Manufacturing Cooperative Research Centre).
In this review, focus will be placed on form metrology, defined here as the determination of the external shape of an object, for metal AM products. Form metrology is critical for quality control of AM products, and for AM machine manufacturers to successfully characterise and optimise their AM processes, when new materials and part geometries are developed. Shape deformation is one of the most noticeable effects following most metal AM processes due to the relaxation of thermal stresses [10] [11] [12] and hence detailed in situ and postprocess characterisation methods would be highly beneficial in understanding and contributing to the aversion of these effects. There are, of course, many more considerations beyond the part's form that need to be taken into account before an AM product can be used as a functional component in many applications. The product will also have to conform to various other tolerances related to the part's internal defects 13, 14 and surface texture, [13] [14] [15] all of which are critical to its long-term functionality and industrial applicability. However, this review will only focus on external form measurement. Tolerances on form geometry vary from industry to industry, as do the requirements on the AM parts produced. 16 This review will concentrate on the state-of-the-art in non-contact 3D optical metrology applicable to AM industries that have stringent product qualification standards, for example, in the aerospace and automotive industries. Contact systems, such as mechanical probe-based coordinate measuring machines (CMMs), have been used in such industries for many years, 17 and can measure form to high accuracy (usually more accurately than current non-contact systems), but are relatively slow, not ideal for in-line inspection and only measure a limited number of points on an object's surface. 18 The field of non-contact form metrology has been actively developed for many years under the colloquial terms of "machine vision" or "computer vision," due to the fact that it was initially used in the areas of robotics and scene reconstruction. Recently, the computing power, algorithms, and hardware used have become faster and more sophisticated, and have allowed these systems to be used in metrology, providing measurements often in real time. [19] [20] [21] [22] [23] [24] 0034-6748/2016/87(4)/041101/15/$30.00
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II. GENERAL OVERVIEW OF OPTICAL FORM MEASUREMENT SYSTEMS
Commercially available form measurement systems have seen a significant improvement in accuracy and precision, and many instrument suppliers are marketing their products for use specifically in quality control and post-process verification of machined parts in multiple manufacturing industries. Optical form measurement systems can generally be grouped into two families: passive and active. 25 Passive systems do not require spatiotemporal modulated illumination to operate, but do require a specific level of static ambient light as they are mostly based on photography. Most passive systems use one or multiple cameras, and image processing, to recreate the 3D form from a series of correlated images. Active systems use their own light sources to either raster scan or spatiotemporally vary the illumination of the surrounding environment. Active systems can recreate a 3D model of the object's form by detecting the modulation of projected illumination caused by the object's shape. A list of the most common techniques used for active and passive form measurement is given in Table I .
The advantages of passive over active systems are that they are usually cheaper in terms of hardware requirements, lower in mass, more compact, and hence easier to use. However, passive systems tend to be less accurate and slower compared to most active systems, as they rely on more complicated post-processing algorithms. 25 Additionally, various assumptions are usually made in passive systems about the object being measured; the most notable of which are the following:
• The object's surface always causes Lambertian reflectance. This assumption introduces errors when optically smooth or transparent surfaces are measured.
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• The object's form is continuous without abrupt steps and discontinuities. This assumption is equivalent to low-pass filtering of high frequency components. The most common manifestation of this filtering effect is the rounding of sharp edges and removal of thin structures from the reconstruction. • The idealised projection models, such as the ideal pinhole projection and orthographic projection, are good enough to approximate real measurements. This assumption manifests in reduced accuracy during reconstruction, as the non-ideal nature of real camera systems may not be taken into account. 27 The above assumptions are routinely used to make the determination of the object shape a more "well posed" problem (i.e., one that has a unique solution) and hence make the computational requirements for reconstruction simpler and the measurement process faster. However, these assumptions also reduce the accuracy of reconstruction to a level that restricts the ability of passive systems to perform high-accuracy form metrology.
Another advantage of active systems is that they overlay their own source of illumination onto the object so that they do not need the object being measured to have a textured surface in order to deduce its form, unlike passive systems. 25 Passive systems require textured surfaces in order to determine common features and hence relate multiple images taken at different positions on the object. 25 The process of associating common pixels between multiple images is the socalled "correspondence problem," which is greatly simplified in active systems. In active systems, the images are not related by searching for common features between them but by using the overlaid illumination to achieve correspondence. 25 Hence, most high-precision optical form measurement solutions in the industrial market today, where high accuracy and reasonable speed are required, are active systems.
Active optical form measurement systems can be broadly categorised according to the accuracy they provide and the distance over which they operate, as shown in Figure 1 . According to Ref. 25 , five general families of active form measurement systems exist:
• Interferometry and confocal.
• Conoscopic holography.
• Triangulation via laser and white light projection.
• Time of flight (phase-based).
• Time of flight (pulse-based). To select the appropriate active form measurement system for metal AM, the performance of different optical form measurement systems (Figure 1 ) has to be associated to the current industrial requirements shown in Table II and Figure 2 .
The automotive and aerospace industries usually require tolerances in the range of hundreds of micrometres (Figure 2) , at operating volumes of up to 2 m (Table II) . These requirements (Figure 1 ) are theoretically achievable with current noncontact optical form measurement systems in ideal laboratory conditions, via laser triangulation and structured light systems. However, their applicability in terms of industrial requirements, which include a wide variety of surface textures (roughness, material optical properties), working environments (vibration, temperature, signal noise), high measurement speeds (in-line manufacturing, in situ measurements), and geometries (slope angles, aspect ratios, deep holes) poses a large challenge for these systems which needs to be addressed before their successful deployment is possible. FIG . 2. Tolerance against part dimension for various industrial applications. 16 Reprinted with permission from E. Savio 
A. Constraints introduced to form metrology from the nuances of metal AM
Further to matching the performance of optical form measurement systems to current metrological industrial requirements (Table II) , the specific nuances of metal AM should to be taken into account. The new challenges that metal AM brings to form metrology compared to traditional manufacturing are shown in Table III .
Surface texture
Optically rough surfaces, such as those found on parts created by metal AM, can be measured with currently available form measurement technologies, namely, laser triangulation and structured light systems, because these technologies rely on diffuse reflectance for their correct operation. The performance of laser triangulation and structured light systems in terms of signal-to-noise-ratio (SNR) is improved on parts made with optically rough surfaces compared to parts made via classical machining routes (subtractive manufacturing), which often have smoother surfaces and thus produce specular reflectance.
The specific type of surface texture produced in metal AM varies and depends highly on the process parameters and the method used to create the part. To illustrate this, an example between two different metal AM methods, laser sintering and laser melting, is shown in Figure 3 . The surface texture in laser sintering is of the scale of the particle size used (in this case 22 µm-53 µm 15 ) whereas in laser melting the surface texture is smoother but still contains large ridges and voids, and "as-printed" parts could also contain surface-sintered particles (Figure 3 ). In conclusion, the surface texture that is currently produced by metal AM is not optically smooth with respect to the specific measurement wavelengths used to investigate them (Refs. 15, 29, and 30) and hence measuring "as-printed" parts is usually less of a challenge to optical form measuring systems in terms of the higher SNR returned from the object. This does not mean that the roughness does not pose a Figure 3 ).
Typical surfaces produced via layering and powder based metal AM manufacturing technology are not optically smooth to visible wavelengths. 15, 29, 30 Form geometry
Freeform, multiple occlusions, and shadows exist.
Little restriction in created geometry permits for complicated shapes with large number of discontinuities and line of sight occlusions present. Material range Appreciable variation of absorption/reflection properties between different materials.
Inhibits the overlay of specific wavelengths, more important for laser triangulation than structured light. measurement challenge on the accuracy of the final result, 15 especially when the roughness is too fine to resolve. 31 Many manufacturers, however, use various post-processing steps and standard subtractive manufacturing techniques to polish some if not all of the surfaces of metal AM parts in order to make them functional and reduce surface stresses in order to avoid the formation of microcracks, which can lead to long-term part failure. 33 Another reason for subtractive post treatment is to achieve tight dimensional tolerances not achievable by AM alone. Hence, although the "asprinted" rough surfaces are relatively simple to measure, the need to measure smooth surfaces produced by post-processing metal AM parts poses a challenge for measuring the form of a finalised metal AM product.
Freeform geometry
The freeform geometry used in metal AM (and AM in general) involves the frequent presence of occlusions and high slope angles. Current optical form measurement systems have inherent limitations due to their requirement to work in lineof-sight and ideally not at angles too far from that of normal incidence to the object. Hence it is difficult for them to measure complex geometric structures from a single measurement position.
However, these complications can be partially alleviated through data fusion of multiple measurements taken from different viewpoints. 34 Fusing data from different viewpoints in a cost-efficient way would, however, require the development of mechanical positioning systems in order to move around the illumination and image sensing elements (laser, camera, and projector) and allow the complete part to be scanned quickly and efficiently. Adding sensor motion and fusion of measurement data will inevitably result in an increase of measurement uncertainty for the whole system. To keep the uncertainties added to low levels, both the positioning system and algorithms used must be highly accurate.
Material range
Currently, the most popular material investigated for use in AM is the titanium alloy Ti6Al4V, as it is commonly used both in the medical and aerospace industries. 35 The main reason for the focus on AM is that this titanium alloy is relatively expensive and hence being able to use AM would minimise material scrap and provide large cost savings to these industries, hence outweighing the drawbacks and costs of changing their process to AM. However, many other metals are also under investigation for AM, as shown in Table IV , and more materials and alloys are continuously added to this list as more innovative uses of AM are investigated.
Any generalised post-process metrology system aspiring to be used for characterising metal AM products would need to take into account the wide range of materials that are attracting commercial interest and be able to account for the alloys currently under research. In terms of form measurement systems, this means paying attention to the spread of optical properties of the materials currently used for AM (i.e., making sure the power or wavelength of the light used is adequate to characterise the wide range of alloys and metals) or at least to be able to provide different optical configurations to deal with the spread.
III. IN-DEPTH COMPARISON OF OPTICAL NON-CONTACT FORM MEASUREMENT SYSTEMS CURRENTLY MOST APPLICABLE TO AM
As discussed in Section II, the two main types of optical form measurement systems which would be most useful for industrial AM are those currently used in conventional manufacturing industry, namely, laser triangulation and structured light projection. These two types of systems have the accuracy and the measurement volume required by demanding industries, such as automotive and aerospace, but need to be able to satisfy the nuances of metal AM, such as optically rough surface texture, freeform geometry, and the wide range of materials used. A more in-depth analytical explanation of the techniques along with an investigation of their limitations will be presented hereafter.
A. Laser triangulation
Laser triangulation systems project a laser spot or a line onto the part (Figure 4) . The spot or line is then scanned across the object by deflecting the beam using a mirror. At each mirror position, triangulation is performed to calculate the height of the scanned points.
The triangulation principle used for the measurement of the distance between the laser and the object at each point is shown in Figure 5 . Light from a laser strikes the surface and is registered at a specific point on the CCD detector. If the distance between the object and the laser changes from d 1 to d 2 , the angle between the laser and detected reflection will also change from θ 1 to θ 2 . The change of angle will cause the laser spot to register at a different point on the CCD and this difference can be used to calculate the height at each point.
In the example shown in Figure 5 , the distance between the laser and the object is given by
where d 2 is the distance between the laser and the object, θ 2 is the angle between the incident and reflected beams, and L is the distance between the CCD photodetector and the laser. In order to extract the actual height of the measured point h, the overall distance between the laser and the measurement platform d 1 needs to be measured and known beforehand
Four configurations of laser and camera are available for a laser triangulation system: 38 "Reverse ordinary," "Ordinary," "Specular," and "Look-Away," shown in Figure 6 . The resolution of the system is affected by the orientation of the system as is the susceptibility to occlusions and the laser power required to get an unsaturated image with high SNR. 
Calibration
Laser triangulation systems require calibration in order to minimise errors due to the variation of the projected angle and height of the laser beam after its reflection from a freeform object, 39 the change in reflected intensity over different object heights 38 and the non-idealities of the optical system (such as lens distortions, the laser line, and vision plane parameters). The calibration process requires linear and non-linear optimisation of re-projection errors. 40 The calibration of the measurement device is usually achieved by measuring traceable reference objects. 38, 40 Another method that is used for calibration is to move a flat plane through the measurement range and compare the range results from the laser triangulation system to those of a more accurate measurement technique, such as a laser interferometer which is used to measure the same plane
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr simultaneously. 41 Relative accuracies of 1 part in 3400 of the measurement range have been reported when using a visible target to calibrate the CCD sensor. 
Sources of uncertainty in laser triangulation
The sources of error in laser triangulation systems are associated with the fundamental uncertainty in the position of the centroid of the spot. A collection of the main sources of error with respect to intensity is shown in Figure 7 .
The most fundamental (albeit not always most dominant) source of measurement uncertainty in laser triangulation, which ultimately limits the instrument's accuracy and cannot be completely eliminated, is the roughness of the surface. As the surface becomes "optically rough" (defined here as when the height of the features becomes comparable to the quarter of the incident wavelength), speckle noise arises due to Raleigh, or coherent, scattering. The equivalent height uncertainty due to speckle noise is given by 42, 43 where θ is the triangulation angle, u is the aperture angle at the detector, λ 0 is the source wavelength, and N is the number of photons. Finally, the speed of laser triangulation depends on the resolution required, since the measurement cycle increases linearly with the number of measurement points required.
B. Structured light projection techniques
Areal light codification via structured light can be achieved by projecting either binary or continuously varying signals onto a surface. In the case of binary signals, correspondence is extracted by comparing the temporal and spatial patterns extracted through various structured light schemes, for example, binary coding, 44, 45 M-array, 44, 45 N-ary codes, 44, 45 and multi-level Gray coding 44, 45 ( Figure 8 ). In the case of continuously varying signals, such as sinusoidal fringe patterns or trapezoidal fringe patterns, 46 correspondence is not necessary as the absolute phase of each point is extracted by retrieving an analytical solution. For other continuously varying signals, such as linear intensity-ratio or "wedge" patterns, 47 correspondence is found by comparing the pixel intensity to a look-up of the projected signal, continuously varying signals can usually achieve pixel-level resolution at the detector since the height information can be calculated analytically, after unwrapping and/or scaling of the received information at each pixel. 44 Sinusoidal fringe projection is one such "continuous" technique, which can provide high accuracy and dense point mapping through extraction of the angular phase of the projected pattern from every pixel in the image deterministically, by projecting at least three phase-shifted versions of the same sinusoidal pattern. 48 Considering all the state-of-theart structured light techniques, sinusoidal fringe projection seems to hold the most promise for industrial applications as it can operate with high speed (requires only three phaseshifted projections), has pixel-level resolution, and has been shown to achieve the highest accuracy in a recent review which performed a study of the same object using different structured light techniques. 44 The general measurement flow for fringe projection methods is shown in Figure 9 .
A minimum of three phase-shifted images per view are required 48 to extract the phase per pixel analytically, because the description of the phase of each pixel has three unknowns. Equations (3)-(5) describe the illumination per pixel for three 2π/3 radian phase-shifted images:
where I 1 , I 2 , and I 3 are the intensities detected at the CCD pixel for each of the three phase shifts, I a is the contrast between fringes, I b the background noise, and φ (x, y) is the phase of the projected pattern. The phase per pixel can be calculated by solving Equations (3)- (5) for the phase term and hence the relationship that results for the phase per pixel in the image is given by 21 φ(x, y) = tan
.
Alternative versions of sinusoidal fringe projection, which attempt to perform phase information extraction using a single frame of projected fringes (often called "one-shot" methods) via various colour and fringe multiplexing techniques have been developed and are described elsewhere. 49 The use of colour in sinusoidal fringe projection, however, adds to the complexity of detecting the fringes at the detector and increases the sensitivity of the image to environmental light intensity and object colour noise. 49 The boundaries between colour strips have to be accurately identified and this increases the difficulty in separating colour noise from the overlaid pattern in natural light situations, especially if the colour of the object surface varies over its volume.
Alternative phase retrieval techniques
"One-shot" schemes, which acquire the phase information from a single black and white sinusoidal fringe image, use simple Fourier analysis, 50 windowed Fourier analysis, 51 or wavelet transforms [52] [53] [54] to achieve phase extraction. The success of these techniques hinges on the ability to filter the frequency domain correctly, which requires the projected fringe frequency to be clearly distinct from all other spatial frequencies present in the image, especially for the simple Fourier analysis technique. 50 If the frequency of the overlaid pattern cannot be clearly distinguished from other spatial frequencies present in the image, more uncertainty is added to the measurement of phase. Additionally, although single-frame phase estimation may allow for faster phase extraction, in post-process form metrology achieving video-rate 3D imaging speed is often less critical than accuracy.
Unwrapping
Due to the 2π wrapping of the inverse trigonometric function (Equation (6)), the conversion between phase difference and absolute phase includes 2π discontinuities. Therefore, before the height can be retrieved via appropriate dimensional scaling of the phase angle, the 2π discontinuities must be removed.
For a continuous surface (a surface which has height discontinuities that are smaller than the equivalent 2π phase difference in the phase map), unwrapping the phase is a trivial problem as all of the discontinuities can be filtered out by identifying them and adding or subtracting 2π from the phase when a phase jump is detected in order to guarantee continuity. However, for structures that include large discontinuities, such as holes or steps that are greater than 2π in equivalent phase, simply adding or subtracting 2π when a phase jump is detected is not possible. Multiple strategies have been developed and are available to assist with unwrapping the phase in fringe projection, the most common of which use binary codes 55 or multiple spatial wavelengths. 56 
Optical calibration of projector-camera system
The calibration of the distortions present in fringe projection is an important step required to compensate for system non-ideality. The two main corrections which are required to
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr successfully translate the intensity values in the phase map into real height values with high-accuracy are the gamma 57 and the optical distortions. 58 Relative accuracies of 0.01% have been shown to be achievable in sinusoidal fringe projection when correcting for both optical and gamma distortions. 59 There is a large variety of techniques which can be used to calibrate for projector-camera system optical distortions, such as using pre-calibrated cameras to assign projector correspondences, [60] [61] [62] varying the projected pattern by changing projector position, [63] [64] [65] performing an iterative adjustment of projected pattern to overlap a printed pattern, 66, 67 or moving a flat surface through the measurement volume via a moving stage. 68 Different types of algorithms can be used to perform the calibration, such as homography transformation between the calibration plane and the projector image plane, 64, 66, 69 computation of projector point correspondences from images captured by the camera by creating artificial images at the projector resolution, 63, 69 or computation of projector point correspondences from images captured by the camera directly. 70 When the correspondences of the system are known, the projector-camera system can be calibrated with any of the well-established techniques used for a two-camera stereo system by assuming the projector is an inverse camera. 70 In this case three types of general approaches exist:
• Using a reference object of known shape/size.
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• Self-calibration techniques. 70 • Hybrid photogrammetry/self-calibration techniques. 
Projector gamma calibration
For binary structured light signals, correcting for projector gamma is less important as the exact illumination level is not critical to the measurement. Since the measurement involves determination of binary thresholds between "dark" and "bright" pixels, the noise tolerance is much larger compared to continuous structured light techniques. 71 However, for "analogue" or "continuous fringe" techniques, gamma is significant, as the exact intensity level detected is critical to the accuracy of the phase extraction. A large number of techniques have been used to correct for the projector gamma through use of neural networks, 57 statistical analysis, 72 Fourier spectrum analysis, 73 look-up tables, 74 and iterative phase compensation algorithms. 75 
Sources of uncertainty in sinusoidal fringe projection
The main sources of uncertainty in determining the phase of a fringe projection system have to do with errors that affect the exact value of the intensity in the detected image. An error in intensity will influence the phase value calculated (given by Equation (6)) and ultimately, the height information extracted. The main sources of error with respect to intensity are shown in Figure 10 . Most significantly, the intensity recorded on the CCD can be affected by projector issues such as temporal intensity variations (for example, lamp warmup time 76 ), uncorrected gamma, 72 and the limited resolution used to project high-quality continuous signal and lens distortions. As far as the camera is concerned, the factors that can play an important role in the variation of the expected intensity are the variable dark pixel noise, shot noise, limited dynamic range, and distortions from the optics. The object may have different regions of varying texture or colour that scatter light differently thus registering as different intensities on the detector even though the regions are equal in height. Reflective surfaces may saturate the detector so that the overlay of a pattern may not be feasible. In the ambient environment, there may be varying light noise or indirect reflection changes, induced by the vibration of the structured light system or the object, that may affect the intensity.
IV. OVERVIEW OF FUTURE CANDIDATE FORM MEASUREMENT TECHNOLOGIES FOR ADDITIVE MANUFACTURING
Looking into the future of form measurement, the next generation of systems applicable to the metal AM industry could originate from a variety of different sources. Firstly, the most obvious source would be the improvement of the algorithms or hardware currently used in laser triangulation and structured light systems to allow for higher accuracies and faster operation. Alternatively, high-resolution short-range techniques, used mostly for surface texture measurement, could be made to operate over the ranges required in AM   FIG. 10 . . Ishikawa or "fishbone" diagram that summarises the main sources of uncertainty identified in sinusoidal fringe projection. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr manufacturing. Moreover, the next generation of form measurement technologies for AM may be developed by improving the accuracy and precision of low-resolution long-range techniques (for example, time-of-flight, photogrammetry) which are currently used for large-scale topographic surveying.
Section III presented a detailed comparison of two established metrology methods that have been demonstrated to perform well on typical metal AM surfaces. In this section, a summary of the most promising metrology methods, which could be the basis for the new generation of metal AM form measurement technology, will be presented. The methods described are either novel in of themselves or currently undergoing rapid development and have the potential to be useful for metal AM in the future. At the end of this section, a comparison of reported ranges and accuracies for all the techniques mentioned will also be performed.
A. Active focus detection through shear interferometry
Confocal focus detection systems (Figure 11 ) analyse the curvature of the reflected wavefront via shearing interferometry and hence are able to detect the distance from which a wavefront has been reflected by calculating the distance of the centre of curvature from the sensor. This technique has been shown to achieve a distance resolution of 10 µm at 300 mm from the instrument on smooth specular surfaces and a resolution-to-distance ratio of 1:5000 for diffusely reflecting objects. 77 The variation of accuracy on the type of surface texture makes the technique less attractive for highaccuracy form metrology, where surfaces are produced with highly variable surface texture depending on material and AM process parameters. Another limiting characteristic of active focus detection through shear interferometry for post-process AM is that it is an inherently point-to-point technique that requires scanning in both lateral directions of the object plane, and will be prohibitively slow for measuring relatively large parts. FIG. 11 . Depth of focus determination via shear interferometry wavefront shape determination. 77 Reproduced with permission from G. Häusler 
B. Active shape-from-focus detection with the assistance of a projected pattern
In the technique described in Ref. 78 the classic method of shape-from-focus is used, whereby a camera takes images of the scene at different focal distances and for each image the in-focus regions are stored along with the focal distance information. The images can then be reconstructed into a 3D model by using the focal distance information. The difference between this method and simple shape-from-focus is the use of active projection patterns to improve the measurement. More specifically, the classical problem which is present in shape-from-focus techniques of ensuring shape recovery from smooth texture-less regions, where in focus and out of focus images appear similar, is solved by overlaying a projected pattern onto the object 78 ( Figure 12 ). Problems which still limit the accuracy of the technique described in Ref. 78 are the need for accurate modelling of the optics and sensing elements, the issue of constant magnification defocusing and limited repeatability, thus active shape-from-focus detection is still some way from being applicable for industrial AM applications.
C. Projection Moiré profilometry
Moiré profilometry (also called out-of-plane Moiré), [79] [80] [81] is an image-grating superposition technique where a set of black and white lines is projected onto an object. The deformed image that results is demodulated by superimposing it to a copy of the original projected image at the receiver to extract the Moiré interferogram. The resulting Moiré interferogram represents contours of equal phase difference which correlate to height contours through use of a scaling factor and can be used to reconstruct the 3D image. 82 There are several types of out-of-plane Moiré, which are used for profilometry, for example, shadow Moiré, projection Moiré, and reflection Moiré, depending on where in the optical chain the patterns are placed. In projection Moiré a copy of the pattern is placed both in front of the projector and camera of the system (Figure 13 ), in reflection Moiré, one pattern is placed around the aperture of the camera and the diffuse light source is placed behind the camera and in shadow Moiré, one pattern is placed very near the sample which when tilted or moved interferes with its own shadow upon reflection. The most applicable type of Moiré for 3D contouring of large objects is projection Moiré, as the other two types are usually used for measurement of small out-ofplane deformations. Projection Moiré (Figure 13 ) can be performed in different ways depending on the manner in which the reflected pattern is superimposed to the reference pattern to create the Moiré interferogram and extract the phase map. These include optical Moiré, 80 digital Moiré, 83 and Fourier Moiré. 50 Optical Moiré is the classical "analogue" version whereby a photographic plate is exposed twice with a combination of both the pattern's image on the object and a copy of the original unmodulated fringe pattern. The invention of digital imaging and fast computer processing enabled digital Moiré in which only the image of the pattern projected onto the object needs to be captured, as the original pattern can be "digitally superimposed" when post-processing the image. Digital Moiré removes the need for an optically superimposed pattern at the detector (as required in optical Moiré). One of the disadvantages of digital Moiré is that the digital grid is of limited resolution and thus requires grid filtering to be implemented in order to remove the effect of image pixelation. Additionally, in order to achieve high resolution, very dense grids need to be used, 82 so there is a trade-off between resolution and object size.
The Fourier Moiré technique 50 is another digital technique that also does not require the fringe pattern to be optically superimposed but, unlike digital Moiré, it does not require the digital superposition of the pattern. Fourier Moiré selects the range of spatial frequencies of the image around that of the projected fringe pattern carrier frequency by applying appropriate filtering to the Fourier transform of the captured image. This range of spatial frequencies around the carrier frequency (which are usually well separated from other frequency components in the image) represent the deformation of the fringe pattern due to the modulation of the pattern caused by the heights on the measured object. The carrier frequency is then subtracted and an inverse Fourier transform is performed to obtain the phase difference map for each pixel in the image. The phase difference is associated to the modulation caused by the height of the object at each point by scaling. 50 The disadvantage of Fourier Moiré is that the low-pass filtering applied inevitably leads to high frequency image components, such as sharp steps, to either be ignored or smoothed out and, therefore, it has limited in-plane resolution. 82 Additionally, the spatial frequency components of the fringe pattern need to be clearly distinct and not overlap with spatial frequencies that exist on the object.
50

D. Holographic profilometry
Holographic contouring (also called digital holographic profilometry, optical heterodyne profilometry 84 ) is a technique that uses wavefront reconstruction to deduce height. For optically smooth reflective surfaces, which are defined as surfaces where the roughness is not greater than a quarter of the incident wavelength, only one image is necessary to interpret the height information and the setup is similar to a Michelson interferometer, 85 whereas when optically rough diffusely scattering surfaces are involved (such as in metal AM), two holographic exposures with a change of either source location, 86 refractive index of the surrounding material, 87 or the wavelength of the illumination 88 are required. The basic setup required to perform holographic profilometry is as shown in Figure 14 . The resulting interferogram is directly associable to the isoheight contours of the object.
Out of the three methods of creating the holographic interferograms, using a frequency shift is most popular as it is easier to apply in a practical system. Frequency shifting has been achieved by changing the injection current of a laser diode, 89 modifying the cavity length of a pulsed laser 90 or tuning a dye laser. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr photosensitive semi-transparent coloured material such as an alkali halide, 92 in which holographic interference information can be inscribed in the form of Bragg gratings. Volume holographic profilometry exploits the Bragg angular sensitivity of incoming wavefronts in order to extract the depth information by either line scanning the volume hologram with a laser spot in the lateral and axial directions 93 or using a white light source to create a unidirectional spectral map overlaid on the object. 94 The major disadvantage of volume holographic profilometry is that in both cases the stage requires scanning in the height direction, which limits the range of measurement to that available by the scanning system and makes the procedure slow. Additionally, volume holographic profilometry has been shown to have poor depth selectivity due to the slow Bragg angle degeneracy of the incident beam.
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F. Frequency modulated continuous wave ranging
Time-of-flight systems measure distance indirectly by reflecting a beam from the object and determining the time required for the beam to return to a detector. Time-of-flight systems are usually used for long-range measurements such as those required in topographical surveys. Recent developments in frequency-modulated continuous wave ranging sensors allow the technology to operate in a shorter range from the measured object (10 cm-50 cm) and with higher accuracy which enables their use in metal AM metrology. One such technique is described in Ref. 96 . As shown in Figure 15 the reference signal is passed by a fibre optic cable to the splitter and is fed to each sensing element individually, whereby the measured signal travels out of the fibre, reflects off the object, and is multiplexed with the reference signal on each sensing FIG. 15 . Principle of FMCW (Frequency Modulated Continuous Wave) ranging. Time delay between a reference path and the light reflected from the object is measured for each pixel (p1,p2) resulting in the calculation of the path difference distance (d1,d2) from the object at each part of the CCD and hence the topography of the object.
element. The technology is still at a very low technology readiness level to be of practical use to AM metrology due to the limited resolution and high measurement complexity involved. Nevertheless, systems based on this principle have demonstrated 15 µm depth resolution and up to a 500 mm measurement range. This makes it a good contender to be the next form measurement technology for AM if the bottleneck of low resolution can be ameliorated.
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G. Close-range photogrammetry
Photogrammetry
97 is a process whereby measurements (such as object position and shape) are extracted from multiple photographs. Most passive measurement techniques (i.e., stereo vision, 98 shape from shading 99 ) can be considered a subset or special case of photogrammetry, as they use multiple photographs to extract the data required from one or multiple images. Close range photogrammetry (defined as photogrammetry where the target is closer to the camera than 100 m) has been shown to be a viable method for precise and accurate measurements for metal parts. 100, 101 The most significant drawback of close-range photogrammetry is the problem of correspondence between images (association of common pixels), which is usually solved by using set "targets." 100 Targets are easily recognisable adhesive stickers that can be used to calculate the difference in camera position between photographs. 100 The use of targets is time-consuming and problematic for rapid metrology as the distribution of stickers is up to the discretion of the operator and has to be random enough to be unique so that the targets can be mapped, and ubiquitous enough so that there are enough common targets between scenes in order to track the movement of the camera in each image. Additionally, even though the accuracies reported for calibrated small objects (25 mm and 30 mm in diameter) are in the acceptable ranges (15 µm in accuracy with a 3σ standard deviation of 75 µm 100 ), for larger objects the accuracies are predicted to be lower as the image resolution would also be lower.
H. Comparison between future candidate form measurement technologies for AM
The reported accuracies and measurement ranges (summarised in Table V ) of the aforementioned measurement methods are perceived close to the industrial inspection requirements for automotive and aerospace (Figure 2 ). This is why they are considered to be good candidates for the next generation of metal AM provided they can be developed further and are proven in the field so that they can be adopted by industry.
V. HIGH-PRECISION SHORT-RANGE OPTICAL TECHNIQUES
Looking even further into the future, we can envisage even higher precision optical non-contact techniques required for specialized industries and demanding industrial applications. However, high precision optical non-contact techniques that operate with optically rough surfaces are normally used in a
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr Holographic profilometry 84 10 µm 50 mm-300 mm depending on object reflectance
Full field Yes
Moiré profilometry 102 Typically ∼25 µm depends on grating frequency used N/A Full field Yes a Used definition of close range photogrammetry in the paper and size of object in the study to obtain estimates for range values because the distance between the camera and the object was not defined in the paper. The most likely distance from photographs shown is estimated to be 40 cm-50 cm. microscope-style setup as they are very sensitive to vibration and non-laboratory conditions. Additionally, as mentioned in Section IV, these higher precision optical non-contact techniques usually have a very short working range and thus they are currently mostly applicable for surface measurement. Some examples of such systems include coherence scanning interferometry, 103 wavelength scanning interferometry, 104 multi-wavelength interferometry, 105 and high-accuracy focus variation, 106 which are summarised in Table VI . Such methods will not be further discussed here as they are not considered to be currently applicable for industrial AM form metrology due to their short working range and narrow field of view. Detailed reviews of such systems can be found elsewhere.
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VI. CONCLUSIONS
AM does not in itself present entirely new measurement challenges. What it does do is present a level of complexity in geometry that is unprecedented in manufacturing. With the almost infinite design freedom comes almost infinite measurement complexity. Standard measurement procedures, tolerancing practices, and process control methods from "conventional manufacturing" cannot be easily ported across to this new manufacturing paradigm. Fundamental research is required to develop new metrology tools, new ways of using existing tools, new characterisation methods, and tolerance rules that can cope with the complexity inherent in AM.
Taking into account the optically rough surfaces of industrial metal AM parts, the typical object size, the measurement accuracy required for top-end industrial 3D measurement applications, and practical matters such as commercial availability and cost, the most applicable form measurement principles for metal AM have been found to be laser triangulation and structured light projection.
Even though both techniques use the outputs of CCD arrays to take their measurements, the fundamental source of uncertainty in the two techniques is somewhat different. Laser triangulation is based on the calculation of the angle between the projected and reflected laser beam path and has its fundamental source of uncertainty arising from the localisation of the laser spot centroid projected onto the CCD. Alternatively, sinusoidal fringe projection, which is based on the measurement of the phase difference between an observed fringe pattern and the projected pattern on a surface, relies on the accurate measurement of intensity at each pixel of the observed image. The uncertainty of localisation of the laser spot centroid in laser triangulation can be heavily affected by the roughness of non-optically smooth surfaces as it creates a speckle pattern, which breaks up the ideal Gaussian beam profile of the laser, in some cases making sub-pixel accuracy impossible and hence raising the uncertainty of the measurement. It should be noted that the speckle pattern noticed when measuring optically rough surfaces can be partially mitigated by taking multiple scans in the same vicinity of the laser spot and averaging the Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr scans out to reduce the effect of random speckle. However, this will ultimately reduce the measurement speed of laser scanning even further. Conversely, in fringe projection, as long as the roughness provides uniform scattering, does not cause high levels of light absorption, is consistent over the sample, and the reflected light is sufficiently higher than the noise on the camera CCD, the uncertainty of fringe projection is not affected as much by the object's roughness making it a more reliable technique for metal AM.
For post-process finished metal AM parts which are usually smooth enough not to disrupt the Gaussian profile of the incident laser beam, laser triangulation is more accurate than sinusoidal fringe projection as it can provide sub-pixel resolution, and is simpler as well, as the number and magnitude of uncertainty sources involved in the measurement are smaller which makes the calibration process easier. For maximum accuracy on smooth finished surfaces, therefore, laser scanning is recommended as the most favourable technique. The same conclusion is reached for parts with non-scattering lightabsorbing surfaces because structured light systems have a lower optical power density and would not work as well as laser triangulation.
In terms of measurement latency one would expect the technique with the smallest inherit ambiguity to be faster at providing measurements. The ambiguity which exists in most fringe projection phase-shifting techniques due to the wrapped phase output being an inherent part of the measurement process is an issue that does not plague laser triangulation. 107 It is nevertheless possible to mitigate the presence of discontinuities through use of various unwrapping techniques, 55, 57, 108 which of course carry a post-processing time penalty. As far as the overall measurement latency is concerned, however, in general structured light provides a faster measurement compared to laser triangulation even with all the post-processing required, as it can capture a whole view at once rather than raster scan a single laser beam over the measured object point-by-point (or row-by-row when using a laser line scanner). Hence, structured light systems are more applicable for industrial applications, as mass manufacturing industries try to minimise part inspection time and would ideally want to be able to use metrology in situ with the AM manufacturing process. There have been attempts to use "hybrid" techniques to speed up laser triangulation via use of incoherent light (see, for example, Ref. 109), whereby a projector is used to project multiple parallel white stripes on the surface instead of a sinusoidal fringe pattern. This facilitates a faster version of the laser stripe scanner concept because multiple parallel projected lines are shifted in unison across the object covering the field of view in a shorter time than would otherwise be required in order to scan a single laser line across the same field of view. However, classical sinusoidal fringe projection still outperforms this "hybrid" method 109 in a comparative analysis in both overall speed and accuracy. 44 In summary, form measurement of metal AM parts can be achieved using either a point-by-point or line-by-line (laser triangulation) or an areal field-of-view technique (structured light system). Both laser triangulation and structured light systems operate best on optically "rough" surfaces such as those nominally produced from metal AM, as they mostly collect diffusely reflected light from the sample. However, for laser triangulation systems care must be taken as increase of roughness of the surface also increases speckle noise and hence the uncertainty of the measurement for laser triangulation systems, hence there is a trade-off between the amount of roughness required to collect light at the detector via diffuse reflection and the precision required by the measurement. There are some solutions that can be used to average out speckle noise by reducing the temporal and spatial coherence of the laser beam, but because they require mechanical movement of the laser, the measured object, or the medium in which the beam propagates, they usually also reduce the acquisition rate of the system. Antithetically, highly reflective smooth surfaces, such as those found in finished AM products, usually impede a structured light system from being able to efficiently overlay the required projected pattern onto the object, and thus either saturate the detector or reduce the SNR of the detected pattern dramatically. The light reflected from smooth surfaces is less of a problem for systems using laser triangulation due to their ability to work in "specular mode," but laser triangulation systems are also not immune to detector saturation from smooth reflective surfaces. If one technique were to be selected, therefore, sinusoidal fringe projection seems to be the more favourable option as it operates in a regime where both measurement speed and accuracy are better suited for industrial AM form metrology. Additionally, the uncertainty of the measurement is not affected as much by the surface roughness (as long as it is homogeneous over the part and does not cause extreme light absorption). It is suggested that laser triangulation would be useful as an alternative to fringe projection for measuring metal AM parts when higher noise rejection and measurement accuracy levels are required on smooth surfaces (i.e., when structured light methods fail to deliver), but the time penalty of these systems has to be taken into account. Measurement cycles in laser triangulation increase linearly as a function of the resolution required and hence laser triangulation might become prohibitively slow when measuring large parts. It is suggested that structured light systems be used to measure as-printed AM products and that laser triangulation be used for post-machined smooth metal AM products. In some cases, AM products are only partially machined; in which case, a combination of the two types of systems could be required to perform accurate measurements. It is noted that neither of these techniques can fully deal with deep occlusions or hidden structures present in metal AM systems as they rely on illumination and detection from a single angle and point of view and either new solutions or a fusion of data with an X-ray computed tomography system would be required for this to be overcome. The two solutions presented here, however, are able to measure the external form of metal AM parts which comes in use when these parts need to interface with other components in an assembly.
Looking into the future, the next generation of form measurement systems for metal AM, as mentioned in Section IV, could come from three sources. Presented in order of most likelihood these are, firstly the improvement of the software and hardware of current laser triangulation and structured light systems, secondly the use of promising techniques which have shown to have the necessary accuracy for industrial requireReuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 128.243.2.29 On: Wed, 13 Apr ments but still have not been proved in the field and lastly from the development of high precision non-contact optical techniques to operate in non-laboratory conditions and with larger measurement ranges and fields of view.
Concerning the improvement of the software or hardware for laser triangulation and structured light systems, the obvious improvement could come from technology breakthroughs in imaging sensors with higher resolution, dynamic range, and the improvement of processing capabilities of both on-board and post-processing data. In terms of the use of new measurement methods demonstrated to have the appropriate accuracy, the most promising methods seem to be close range photogrammetry, Moiré profilometry, and active shape from focus as they have the smallest leap to perform in order to be applicable in industrial settings and can be more easily scaled up to larger fields of view. The other techniques depicted have a more rigid setup that is not easily scalable to larger fields of view and working distances. Lastly, the high-precision techniques discussed in Section V require much more development to be applicable for large fields of view and working distances, which means that they will be very expensive and complicated to apply in industrial settings and it is not foreseen that they will ever be used for post-process form measurement in metal AM.
